Abstract-Investigation of the pleiotropic effects of GA sensitive (Rht8) and GA insensitive (Rht B1 and Rht D1) winter bread wheat dwarfing genes and the gene that determines the response of plants to photoperiodPpd D1-were carried out for 3 years in the southern step region of the Black Sea bank on five different genetic backgrounds. It is shown that, in addition to direct effects on plant height, GA sensitive and GA insensitive dwarf ing genes have pleiotropic effects on all studied traits except the number of fertile spikelets. Presence of the dwarfing genes in the genotype of tall forms led to the decrease of stem and ear length, and, at the same time, to the increase of ear density. The number of spikelets per spike decreased due to sterile spikelets, whereas the number of fertile spikelets did not change. There was a significant increase in the number of grains per ear as a result of increasing of spikelets in ears. The number and weight of grains did not decrease, even though the plants were charac terized by a smaller number of productive tillers. The presence of Rht8x allele on genetic background of vari ety Stepnyak resulted in a significant decrease of plants productivity. However, in combination with Ppd D1a allele, plants with Rht8x increased the potential productivity and surpassed the parental form (Rht8x Ppd D1a). The presence of Rht Ble allele resulted in reduction of weight of kernels from the main ear and 1000 kernels weight, increase of l/h, and left the number of seeds per spikelet stable in comparison with Rht8x.
INTRODUCTION
Height and productivity of plants are complex quantitative traits subjected to polygenic control [1] [2] [3] . Expression of the reduced height genes (Rht), as well as their effects on agronomic traits, depends on both environmental conditions and genetic background. Breeding by the reduced height genes is aimed at the combination of advantageous alleles or their com plexes with other agriculturally valuable traits in the same genetic background in specific ecological and climatic conditions in order to increase plant produc tivity. Use of the reduced height genes has become the element of the breeding strategy aimed at the cultivat ing of highly productive wheat varieties [4] .
GA insensitive plants carrying the Rht B1b, Rht B1e, and Rht D1b alleles are characterized by reduced height, because of decreased sensitivity of their vegeta tive tissues to endogenous gibberellin (GA) [5] . This effect manifests as the decrease in cell lengthening in almost all vegetative organs, and followed not only by the reduction in height of adult plants but also by the decrease in length of coleoptile, internodes, and leaf area. Analysis of molecular structure of the alleles showed that mutations in Rht B1b and Rht D1b are represented by single nucleotide polymorphisms (C/T in the 64th position and G/T in the 61st position) that transform CGA and GGA codons into TGA nonsense codon [7] . The nucleotide sequence of the Rht B1e allele carries the mutation that leads to the formation of TAG nonsense codon, because of an A to T nucle otide substitution in the K61A codone (AAG), which is located three codons upstream than the Rht B1e mutated codon [8] .
The allele Rht8c is not connected with metabolism of GA. It is related to GA sensitive reduced height genes, and its presence does not lead to the decrease of coleoptile length and leaf lengthening rate [9] . Pre sence of the Rht8c is advantageous for plants that grow in regions suffering from early spring drought and where lack of humidity prevents successful growth and development of GA sensitive plants [9] [10] [11] . Presently, the gene Rht8 was not sequenced, though attempts to its positioning cloning were made [12] . At the molec ular level, the allelic variations of this gene are detected by microsatellite marker Xgwm261, which is located 1.95 cM from the gene [12] .
Understanding of pleiotropic effects of the Rht genes on the agriculturally important traits is impor tant for their further effective use in order to increase productivity of this culture. Different dwarfing genes provide different effects on seed germination, plant height, and productivity. Besides the Rht genotype, these traits are also affected by the growing conditions and genetic background, on whose basis the presence of certain genes of reduced height or their combina tions is manifested [13] . Previous studies, which were carried out in northwest Russia, the Lower Volga Region, and Krasnodar Territory, confirmed the influ ence of these genes on plant height [14, 15] . However, pleiotropic effects of these genes were not studied. The experiments were carried out mostly on spring variet ies, though near isogenic lines may be more represen tative genetic material to estimate the effects of these genes.
Near isogenic lines may precisely mirror the effects of different genes of reduced height due to their similar genetic background. However, the develop ment of such lines is a quite complicated and time consuming procedure. In 2011-2012, in south Ukraine, plants of almost isogenic lines developed on the basis of the Mercia variety were destroyed (81%) by -20°C frost in the Plant Breeding and Genetics Insti tute-National Center of Seed and Cultivar Investiga tion (PBGI) under field conditions. At the same time, most of the analogous lines developed by V.V. Khan gildin on the basis of genetic background of Ukrainian varieties (approximately 95%) survived adverse envi ronmental conditions (unpublished data).
The goal of the present study was to investigate the pleiotropic effects of alleles of GA sensitive (Rht8) and GA insensitive (Rht B1 and Rht D1) dwarfing genes, as well as the Ppd D1 gene, which is inherited in coupling with the Rht8 and controls sensitivity of plants to the photoperiod, and affects agricultural traits of bread wheat in dependance of the genetic background of recurrent forms.
MATERIALS AND METHODS
The object of the study were the analogous lines with reduced height, parental forms, and reduced height gene donors (Table 1) , which differed from each other by height and the dwarfing genes, that were identified by molecular markers ( Table 1) .
The analogous lines were developed in the PBGI, in the 1990s, by V.V. Khangildin (Odessa, Ukraine) by crossing of the parental forms with the reduced height gene donors (Odesskaya semi dwarf or Krasnodarskiy Karlik 1) and by six time back crossing with recurrent forms [19] . The Krasnodarskiy Karlik 1 breed is known to be obtained by artificial mutagenesis of the variety Bezostaya 1. Therefore, these two varieties were considered to be analogous. The line of the Odesskaya 16 variety were considered to be analogous to the lines developed on the basis of the genetic background of the Stepnyak variety, because it is involved in the ped igree of this variety.
Agricultural parameters were analyzed in comparative experiments (2008/2009, 2009/2010 , and 2010/2011), which were carried out in the PBGI under field condi tions (30°44′′ eastern longitude, 46°28′′ northern lati tude). Plants were sowed in the middle of October, which is considered to be the optimal period for sow ing of wheat in the Black Sea littoral zone. Plants were grown under the conditions of wide space sowing: two space blocks, in three repeats (5 cm space between plants within the row and 27 cm between the rows). The analogous lines were placed within the same block in order to assess the effect of the Rht genes on the following traits: earing date (ED), pro ductive tillering date (PTD), stem length (h), length of the main ear (l), productive tillering (PT), number of spikelts in the main ear (NSE), number of sterile (out side underdeveloped) spikelets (NSS), number of fertile spikelets (NFS), the number of seeds per spikelet (NSSp), number of kernels from the main ear (NKM), weight of kernels from the main ear (WKM), number of kernels from the secondary ears (NKE), weight of kernels from the secondary ears (WKE), 1000 kernels weight (WTK), ear density (D) and the ratio of the main ear length to the stem length (l/h). Agricultural parameters were collected from all plants, except the last ones.
Further analysis was performed by two factor dis persion analysis (ANOVA) using the Statistica 7 pro gram (Statsoft 2005). To perform the anysis, the datasheet containing the mean values for each repeat for each year was formed. To assess the effect of the reduced height gene alleles Rht8, Rht B1, and Rht D1 and the Ppd D1 gene on agricultural traits of plants obtained in 3 years of field studies, the data were divided into groups depending on the genetic back ground of the original variety. The effect of each allelic combination of the dwarfing genes on the average breed parameters was assessed separately at each genetic background. Confidence of differences was estimated by LSD of the corresponding significance level for the corresponding factor or interaction [20] . Skuridin conversion was performed in order to calcu late genotypic correlations so as to exclude the "year" factor [21] . To perform the three factor dispersion analysis on the basis of kin relationships, we combined the genetic backgrounds in order to obtain the full size dispersion complex. To perform the analysis by the "line genotype" factor, the material was divided into the groups of plants without Rht genes and plants, car rying one or two genes. The calculations were carried out taking into account random gradations of the "year" and "genetic background" factors, as well as the fixed "line genotype" factor.
RESULTS AND DISCUSSION
Previous studies, which were carried out by the three factor dispersion analysis, revealed the direct effects of the reduced height genes and their com plexes on the genetic backgrounds of the known vari eties of southern Ukraine under the conditions of the Black Sea littoral steppe zone [13] . In the present study, the data obtained during 3 years of field investigations were divided into groups on the basis of genetic back ground of the original varieties in order to assess pleiotro pic effects of GA sensitive (Rht8) and GA insensitive (Rht B1 and Rht D1) dwarfing gene alleles, and the Ppd D1 gene (Table 3) .
It was shown that lines carrying the Ppd D1a allele (one of the phenotypically strongest allele of photope riod insensitivity) eared and flowered confidently ear lier that the line carrying the Ppd D1b allele regardless of genetic background. This is confident with the data of Mokanu et al. (2008) about 3-4 day shortening of the spire period of wheat, carrying the Ppd D1a allele under the conditions of southern Ukraine [22] . Pre sence of the reduced height genes led to the decrease of plant height in all genetic backgrounds studied, because of the decrease of the stem and ear length. Moreover, the ear of the two gene dwarfs was shorter than that of the GA sensitive plants, carrying the Rht8c allele (Table 3 ). This is also consistent with the data of Mokrousov obtained on the varieties [15] . Both GA sensitive and GA insensitive plants were charac terized by the increase of l/h and D and by the decrease of PT with respect to the normal height plants (Fig. 1) . Interestingly, according to the data of Mokrousov [15] , the Rht8 Rht11 wheat varieties (Rht8c Rht B1e accord ing to the contemporary nomenclature) were charac terized by greater number of PT in comparison with varieties carrying other dwarfing genes. However, this was not confirmed in our study. The parameter of WKM also did not show obvious tendency.
GA sensitive dwarfs (Rht8c) were characterized by confidently higher NSE as compared with the lines carrying two Rht genes, and the tendency to the decrease of NSE was observed in comparison with plants without dwarfing genes. The genetic back ground of the variety Kooperatorka was the only one in which the number of spikelets in an ear in the lines carrying the genes Rht8c + Rht B1e was confidently higher than in one gene dwarfs (Rht8c) or in high wild type plants.
At the same time, the number of sterile spikelets was decreased in one and two gene dwarfs with most of the genetic backgrounds as compared with high lines, except the Stepnyak line (Rht8a Rht B1a Rht D1a Ppd D1b) ( Table 1 ). It appears that high lines pro duce more ear colliculus, which are reduced after wards, because of unfavorable environmental condi tions (drought). The decrease in the number of spike lets per ear occurs because of the decrease in the number of sterile spikelets. However, no clear ten Figs. 1b, 1c) . The data of our study are consis tent with the data of Mokrousov [15] , who reported that the decrease in the number of spikelets per ear, which depended on the number of the reduced height genes in the gene pool, did not lead to the decrease in the number of kernels in an ear. On the contrary, some increase in ear productivity was observed. The number of spikelets in the ears of plants carrying the Rht B1b and Rht D1b alleles did not change in comparison with wild type plants [6, 23] . However, the number of kernels in ears increased, which led to the increase in the number of kernels per an area unit and the whole yield [24] .
Clearer tendency to the increase in the number of kernels per ear was observed in plants that carried one and two dwarfing genes in comparison with high plants at all genetic backgrounds. Rebetzke et al. [25] reported an approximately 6% increase in the number of kernels per 1 m 2 in plants that carried two dwarfing genes and in plants that carried either Rht8c or Rht D1b genes. The increase in the number of kernels per ear occurred because of the increase in the number of kernels per spikelet (r = 0.88, p = 0.001; Fig. 2 ). Bigger number of kernels in a spikelet per ear of the reduced height forms may be due to the fact that shorter peduncle requires less assimilates to be lengthened. This favors the situation in which assimilates remain accessible for flowers, which develop at the same time [26] . Higher level of available assimilates increases survivability of flowers and, thus, increases the number of kernels per spikelet [25] .
We did not observe significant differences in the NKE and WKE between the lines carrying different genes of reduced height. The presence of the RhtB1e allele led to the confident decrease in NKE and WKE in comparison with the carriers of the Rht8c allele at the genetic background of the Odesskaya 51 variety only. Similar tendencies for the Rht B1e allele, which were observed at both genetic backgrounds, were the decrease in WKE and WTK and the increase in l/h and stability of NKE.
Previous studies, which were carried out on the variety Stepnyak, showed that substitution of the Rht8x for the wild type Rht8a led to the increase in plant height by 5 cm. Study of the pleiotropic effect of this gene showed that presence of the Rht8x resulted in postponed flowering and ear formation in comparison with wild type plants. It also decreased NKM, WKM, NKE, WKE, and PT but increased the number of ste rile ears. This evidences to the decrease in productivity of plants carrying this genotype, though this gene does Three factor dispersion analysis showed that the factor "year" did not affect general variation by the traits l, PT, NKE, WKE, and D (Table 4 ). The factor "line genotype" affected all traits except the number of fertile spikelets, while the factor "genetic back ground" affected only l and D. Interaction between factors "year" and "genetic background" was confi dent for NKM only. Interaction of the factors "year" and "line genotype" significantly affected ED, l, PT, WTK, and D. Interaction of the factors "genetic back ground" and "line genotype" affected variations of all traits studied. Triple interaction of the traits "year," "genetic background," and "line genotype" signifi cantly affected ED, h, NSE, NKE, WKE, and l/h (Table 4) .
Hence, besides the direct effect on plant height [13] , GA sensitive and GA insensitive dwarfing genes provide pleiotropic effect on all studied traits except the number of fertile spikelets (Table 4 , Fig. 1c ). Pres ence of the GA sensitive allele Rht8c, either individu ally or in combination with GA insensitive alleles (Rht B1e, Rht B1b, Rht D1b), led to the decrease in productive tillering (Fig. 1a) , number of sterile spike lets (Fig. 1b) , and increase in the number of seeds per spikelet and ear density (Fig. 1d) regardless of genetic background. Presence of the Rht8c allele insignifi cantly increased WTK in comparison with high plants and two gene dwarfs. Overall, these modifications lead to the increase in plant productivity. Two gene dwarfs were characterized by decreased WTK in com parison with plants that carried one dwarfing gene, and high plants. However, in plots, we did not observe significant decrease in WTK alongside with the increase in the number of reduced height genes in the genotype.
Changes of climatic conditions make crop produc tivity less predictable. If plants are cultivated under favorable conditions with high level of fertilizers and good irrigation, alleles Rht B1b and Rht D1b provide significant increase of productivity. However, this increase in productivity does not necessarily occur if plants are cultivated under worse environmental con ditions, such as high temperature and drought, which decrease plant height and productivity [27] . There fore, some of the dwarfing gene alleles are important for both improvement of genetic potential of yields in dynamics and development of breeding strategy under the drought conditions at different stages of crop veg etation [28] . Flintham et al. [24] noted that use of the reduced height genes should take into account the specific genetic and ecological context in which plants will be cultivated. In climatic conditions of southern Ukraine, the breeding aimed at the increase in pro ductivity, apparently, resulted in selection of reduced height alleles, which provide advantages that occur in the presence of the Rht8c allele linked to the Ppd D1a allele [29] , and additional reduced height, which was determined by the Rht B1b or Rht D1b allele. These combinations are, apparently, responsible for stability of yields under variable environmental conditions in the area of risk farming in the southwest region of the Black Sea. CONCLUSIONS Apart from the direct effect on plant height [13] , GA sensitive and GA insensitive dwarfing genes pro duced pleiotropic effect on all the traits studied, except the number of fertile ears. Presence of these genes led to the decrease in l, h, and productive tiller ing and increase in l/h and D. The decrease in the number of spikelets per ear was due to the sterile (poorly developed) spikelets, while the increase in the number of kernels in an ear in one and two gene dwarfs was due to the increase in the number of seeds per spikelet. Presence of the Rht8x gene led to the postponed flowering and ear formation in comparison with wild type plants. It also decreased NKM, WKM, NKE, WKE, and PT but increased NSS. This evi dences to the decrease in productivity of plants carry ing this genotype. Similar tendencies of the decrease in WKM and WTK, increase in l/h, and stability of NSSp were observed on genetic backgrounds of the varieties Kooperatorka and Odesskaya 51 carrying the Rht B1e allele. These tendencies were confirmed by combination of genetic backgrounds in order to create the full size dispersion complex. However, two gene dwarfs demonstrated decreased WTK as compared with plants carrying GA sensitive Rht8c gene and high plants.
